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2 Factorial effect analysis on the experimental results reveals that within these 23 experimental conditions, Se has a key role in promoting the degradation rates of both 24 acetic and propionic acids; Mo and Co are found to have a modest effect on 25 increasing propionic acid degradation rate. It is also revealed that Ni shows some 26 inhibitory effects on VFA degradation, possibly due to its toxicity. Additionally, 27 regression coefficients for the main and second order effects are calculated to 28 establish regression models for VFA degradation. 29 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 study; however addition of Ni affects Co and Zn uptake in methanogens, due to 95 antagonistic effect of metal ions. Feng et al. (2010) investigated the effects of 96 additions of Co, Ni/Mo/B and Se/W on the biogas production and the associated 97 anaerobic microbial community. The study revealed that the highest methane 98 production occurs at high Se/W concentrations in combination with a low level of Co. 99 However, the influence of the trace metal additions on the microbial community 100 composition was not significant. 101
It is clear that TE addition can benefit the operation of many lab and commercial scale 102 anaerobic digesters with TE deficiency. However, baseline TE concentration 103 feedstocks as well as microbial community structure can significantly influence the 104 TE requirement in anaerobic digesters. To date, it remains a challenge to determine 105 whether a digester is deficient of TE particularly to identify exact TE species required. 106
The currently practice of TE supplementation in many commercial AD plants tends to 107 be a full addition of all trace elements, many of which are not required and even 108 potentially harmful to their AD processes. It is therefore important for the operators to 109 understand the specific requirement of each digester, in order to supplement only 110 those elements required for improved performance and reduction of operational cost. 111
Significant work has been carried out to investigate the effects of TE and their 112 combinations on VFA degradation (Feng et al., 2010; Worm et al., 2009). Feng et al. 113 (2010) demonstrated advanced statistical methods can be a useful tool to interpret the 114 impact of TE on anaerobic digestion process efficiency. However, to the authors' best 115 knowledge, to date no study has applied factorial design method to investigate the 116 effects of multiple elements simultaneously. Factorial design is widely applied in 117 scientific investigations to identify the key factors and/or combinations of factorsM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 influencing the process. In this study, the effects of six TEs (Co, Ni, Se, Mo, Fe and 119 W) on the volatile fatty acids degradation rate were studied. In order to differentiate 120 the effects of each element and/or element combination, a design of experiment (DoE) 121 approach of 2-level fractional factorial design was adopted. Regression model has 122 also been developed to correlate the response with each factor. 123
MATERIALS AND METHODS 124
Food waste digestate inoculum 125
Inoculum used in this study was acquired from a 5-litre lab scale CSTR mesophilic 126 (37 o C) anaerobic digester fed with food waste. The digester had been in operation for 127 over a year and reached its stable state, i.e. stable VFA concentration, ammonia 128 nitrogen level and daily biogas production in the past 2 months. During the entire 129 period of its operation, no TE supplementation regime was adopted. Before starting 130 this study, acetate and propionate concentrations in digestate inoculum were both 131 increased to 10 g/l by addition of sodium acetate and sodium propionate (Reagent 132 grade, Fisher Chemical, UK). D-glucose and starch were added as substrates, both at 133 concentrations of 4 g/l in the digestate. The background ammonia nitrogen 134 concentration in the inoculum was high at 6.5 g/l. 135
Analytical methods 136
The baseline TEs concentrations in digestate inoculum were determined using ICP-137 MS or ICP-OES at a UKAS accredited commercial laboratory (Severn Trent Services, 138 Coventry, UK) after in-house hydrochloric -nitric acid digestion in accordance with 139 US EPA standard method 3010A. Baseline TEs concentrations in the inoculum have 140 been determined and the results are shown in Table 1 .
Volatile fatty acid (VFA) concentrations were quantified in a Shimazdu 2010 gas 142 chromatograph (Shimadzu, Milton Keynes, UK) using a method described in Jiang et 143 al. (2012) . Samples were acidified using formic acid. Three standard solutions 144 containing 50, 250 and 500 mg l -1 of acetic, propionic, iso-butyric, n-butyric, iso-145 valeric, valeric, hexanoic and heptanoic acids were used for VFA calibration. 146
Trace elements supplementation and VFAs degradation flask trial 147
The batch experiment was set up in conical flasks each with 250 ml capacity. Each 148 flask was inoculated with 200 ml digestate. Working solutions of six trace elements 149 (Co, Ni, Mo, Se, Fe and W) were prepared using CoCl 2 , NiCl 2 , (NH 4 ) 6 Mo 7 O 24 , 150 Na 2 SeO 3 , FeCl 2 and Na 2 WO 4 (Analytical grade, Fisher Chemical, UK). Addition of 151 these trace element solutions into each flask followed the pattern as shown in Table 2 , 152 with strings of plus (+) and minus (-) signs denoting with and without addition of a 153 particular element. There are in total 16 TE addition combinations including a control 154 where no TE was added. When TE solutions are added, the concentrations of 155 elements increases by 1 mg/l, 1 mg/l, 0.2 mg/l, 0.2 mg/l, 5 mg/l and 0.2 mg/l for Co, 156 Ni, Mo, Se, Fe and W, respectively. To ensure data quality, this experiment was 157 conducted in duplicate, i.e. 32 total flasks. 158 
Where: t is the time in days; C is the measured value of VFA concentration. 174 DI enables the quantification of VFA degradation efficiency based on the degradation 175 curve; a smaller DI number indicates a more efficient degradation. The calculated DI 176 numbers were used as experimental responses in the following statistical and 177 modelling analysis. 178
Statistical method 179
2.4.1Fractional factorial design and data analysis 180
The experiment was designed to expose the key TEs which are the most effective on 181 improving anaerobic degradation of VFAs, whilst understanding possible synergistic 182 effects from combinations of elements. Six trace elements were selected as factors to 183 be investigated in this 2-level factorial experiment design. Due to practical difficulties, 184 it is not feasible to run a 2-level full factorial experiment, as this requires 64 (=2 6 ) 185 flasks to be prepared for a single experiment. As a result, a 2 6-2 fractional factorial 186 design, which is ¼ of the full factorial design with a resolution of IV was adopted. 187
The chosen design reveals all the main effects. However it cannot distinguish fully 188 the 2-factor interaction due to effect aliasing (Wu and Hamada, 2009) 
experimental arrangement of this 2 6-2 subset (fraction) of a full factorial design was 190 generated using the SAS JMP statistical suite (SAS Institute Inc. Cary, North Carolina, 191
The average independent effect of each TE (factor), known as the main effect (ME) is 193 calculated as follows: 194
For any factor (A), the main effect ME( 
Regression Model 201
Factorial effects in a 2 k factorial design can be estimated using a multiple regression 202 model (Wu and Hamada, 2009 ). For the current experiment design which contains16 203 observations, the model can be expressed as: 204
Where: β 0 , β i and β ij are the regression coefficients which are estimated using Least 206 squares method. z i is the experiment response (DI). Table 3.  216 Notably, in samples where selenium was present, the acetate and propionate 217 degradations were significantly stimulated in comparison with selenium deprived 218 groups. 219
On day 28, acetic acid concentration in all samples was observed to be degraded 220 below 100 mg/l. However, this is followed by an increase of acetic acid 221 concentrations in some samples as indicated by the bumps on the curves in Figure 1a The factorial effects are illustrated in main effect plots and half-normal probability 245 plots in Figure 2 . In main effect plots, each factor is represented by a line connecting 246
the average values of all observations at the high (+) level and low (-) level; the 247 vertical height of each line indicates the main effect. In half-normal probability plots, 248 factors of more significance are found at the upper right corner away from the 'near-249 zero' line and the significance is quantified as Lenth's t-ratio shown in Table 4 . 250
The factorial effect of Se suggests it significantly improves the degradation for both 251 acetic and propionic acids. Mo and Co show a moderate effect on improving 252 propionic degradation rate; whereas Ni shows some negative effects on both acetic 253 and propionic acids degradation as also indicated by its factorial effects (Table 4) . 254
The inhibitory effect of Ni during anaerobic digestion processes were widely reported 255 in previous literatures (Ahring and Westermann, 1983; Lin, 1993 Lin, , 1992 . Lin (1992) 256 observed a moderate inhibitory effect from Ni in a batch experiment under mesophilic 257 condition. The concentrations of Ni to inhibit 50% of the acetic and propionic acid 258 degradation are reported to be 89 and 226 mg/l, respectively. In current study, the 259 concentration of Ni at 1.3 mg/l is considerably lower than the reported values which 260 are considered to have significant inhibitory effects. However, it is possible that the 261 M A N U S C R I P T
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Ni inhibition starts at low concentration and only can be revealed with statistical 262 analysis. 263
Combination effects of two elements show no significant effect on acetic acid 264 degradation as indicated by p-value (Table 4) . For propionic acid, however, Se/Mo 265 combination shows significant effect on improving the degradation of the acid, 266 whereas Mo/W combination exhibits an inhibitory effect. However, the effect of 267 Se/Mo is confounded with Co/W and Ni/Fe due to alias effect caused by the intrinsic 268 inadequacy of a fractional design. Therefore, the improved propionic acid degradation 269 can equally be caused by Co/W and Ni/Fe combinations. Further experiment is 270 needed to clarify this ambiguity. For the same reason, the inhibitory effect of Mo/W is 271 confounded with Se/Co. However, in a previous semi-continuous food waste 272 digestion experiment which provided the inoculum for the study, it was confirmed 273 that Co was beneficial to the degradation of VFA including propionic acid at the 274 presence of selenium (Banks et al., 2012) . This clearly suggests the confounding 275 factorial effect of Se/Co can be dismissed in the current study, thus leaving the W/Mo 276 effect as evident. Indeed, the antagonistic effects between W and Mo for some 277 methanogens were reported in a number of studies (Kletzin and Adams, 1996; May et 278 al., 1988; Zellner and Winter, 1987) . The studies suggest that W replaces Mo as the 279 centre of formate dehydrogenase (FDH), a key enzyme involved in propionic acid 280 degradation, and consequently deactivates the enzyme (May et al., 1988) . 281
The factorial analysis reveals a strong influence of Se on the VFA degradation, 282 suggesting a specific requirement for Se to improve VFA, particularly acetate and 283
propionate degradation in this type of digestate. Previous study (Banks et al., 2012) 284 confirmed the foodwaste digestate used as inoculum in this study adopt 285 M A N U S C R I P T
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13 hydrogenotrophic methanogenesis as the principle methanogenic route due to the 286 elevated ammoniacal nitrogen level. This explains the significant effect of Se found in 287 this study, as it is understood based on wide range of literature evidence (Ferry, 1999 (Ferry, , 288 1990 Jones et al., 1979; Vorholt et al., 1997) 
Regression models for VFA degradation indexes (DI) 295
Regression coefficients for factorial effects of the individual elements and 2-factor 296 combinations were calculated using the least squares method and summarised in 297 Analysis of variance (ANOVA) is then used to evaluate the adequacy of the empirical 317 models. The results show coefficients of determination (R 2 ) for acetic, propionic and 318 total VFA model are 0.9976, 0.9998 and 0.9998, respectively. There are significantly 319 high F-ratios for acetic, propionic and total VFA models (65.27, 949.25 and 614.63, 320 respectively) indicating a large values of model sum of squares (SS). All three models 321 have sufficiently low (<5%) p-values indicating small probability of error for SS. 322
Both F-ratios and p-values strongly support the robustness of the regression models 323 developed under the experimental conditions in this study. 324
Conclusion 325
This study applied a fractional factorial design in batch experiments to explore the 326 impact of six trace elements (Co, Ni, Mo, Se, Fe and W) on VFA degradation rates in 327 foodwaste digestate. The factorial analysis of the results shows a significant influence 328 M A N U S C R I P T
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15 from Se in improving the VFA degradation. This is in agreement with previous 329 knowledge of the involvement of Se in hydrogenotrophic methanogenesis which is 330 typically the main methane forming route in foodwaste digesters. 331
The factorial results also reveal Ni shows slight inhibitory effect to VFA degradation 332 and W/Mo combination inhibits propionic acid degradation, likely due the 333 antagonistic effect of the two elements. 334
The fractional factorial method has introduced an efficient experimental approach to 335 identifying the deficient elements in anaerobic digesters, whilst offering guidance on a 336 tailored TE supplementation recipe for digesters operating under different conditions. 337
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